Chinese Railways is seeking to increase the capacity of many of its heavy haul railway lines by increasing their utilization and at the same time increasing axle loads from 250 to 300 kN. These projected increases in railway traffic may result in accelerated deterioration of the railway network. A vulnerable part of the network, are bridge-embankment transition zones which frequently experience high degradation rates. To investigate the possible implications of the forecasted increases in railway traffic on these structure, a study was carried out which consisted of instrumenting a transition zone to measure accelerations under existing loads and building a three-dimensional finite element dynamic model of the bridge-embankment transition to predict the effects of the anticipated future traffic. The results of the study indicated that commonly used measures of stability, safety and substructure damage would remain within specified limits, despite the projected increases in axle load. However, excessive wear of the wheel and or rail may occur.
Introduction
China is seeking to solve its current shortage of transport capacity by further developing its heavy haul railways. However, there is a fear that the associated increases in axle loads, speeds and track utilization will result in accelerated damage of the railway network. This is particularly the case at sites where the structural capacity of the track has not been designed to carry these increases in load. Of particular concern are the so-called transition zones where the stiffness of the track changes significantly over a short distance. The requirement of track maintenance in such areas has been found to be between two and four times greater than those on sections of track where the stiffness is less variable. This paper describes measurements of track acceleration taken at an embankment-bridge transition on the Shuohuang railway in China and presents the development of a dynamic finite element model which is used to investigate possible design and maintenance implications for these transition zones.
Recent advances in remote condition monitoring techniques have facilitated the field measurement of railway track performance. This, together with the continuing increases in computer power which has enabled theoretical computational models of the track system to be developed, has furthered understanding of track behavior in a dynamic loading environment.
The recognition of the association of track integrity issues with abrupt changes in track stiffness has led to a great deal of recent research in this area. [1] [2] [3] [4] A number of authors have described field measurements of the track system response in the vicinity of transition zones. For example, in the Netherlands, Coelho et al. 5 undertook an extensive monitoring and investigation program of a reinforced concrete approach slab transition which links the track to a concrete culvert. Accelerations and velocities of the track, soil and the approach slabs in response to passenger trains were measured, from which displacements were calculated. Priest et al. 6 described a detailed investigation of ground deformations that occur under a bridge-embankment transient zone during the passage of a train on the coal link line south of Vryheid, South Africa. A dynamic linearelastic two-dimensional finite element model of the transition was developed and validated using measured displacements. Others who have also developed dynamic computer models of the transition zones include Yang et al. 7 who investigated the traininduced stress regime of the track substructure by means of a two-dimensional (2D) dynamic finite element model (FEM). The model was used to analyze the effects of train speed, acceleration and braking, geometric variation in the rail head level and hanging sleepers. In order to investigate the influence of track stiffness on vehicle/track interactions in transition zones, Lei and Zhang 8 developed a 2D dynamic FEM of the vehicle-track-subgrade coupling system. Gallego et al. 9 developed a FEM in order to improve transition zone design by considering the effects of variations in the geotechnic and geometric parameters of transition zones.
For dynamic analysis such as that discussed herein, the 2D FEMs previously described are a significant improvement on static models as they allow the effects of train speed and the associated dynamic excitation of the track system to be taken into account in any analysis. However, because of complexities associated with modeling, these models do not incorporate more realistic constitutive models of the track substructure which are necessary to properly replicate the induced stress regime in the track substructure. Furthermore, because the models are 2D in nature they are unable properly to model the effects of lateral vibration.
This paper describes an extensive research project which was undertaken on a bridge-embankment transition zone on the Shuohuang railway, in China's Hebei province; increases in train axle loads and annual tonnage have been proposed for this line. The aim of the research was to investigate whether track damage and safety issues would become more likely should the proposed increases in train loads be implemented. In addition it was anticipated that the work would enable a preliminary assessment of whether the design of the existing transition zones should be modified. To this end in-situ measurements mere made of the train-induced accelerations of the rail, sleeper and embankment foundation in a transition zone and a three-dimensional (3D) dynamic FEM model was built to analyze the effects of the potential load increases. This is described further in the following sections.
Field testing The site
The field investigation was carried out on the 588 km long Shuohuang railway (see Figure 1 ), an important route in China's coal corridor, which starts at Shenchi in Shanxi province and ends at the freight yards at the port of Huanghua in Hebei province. The line carries 6,800,000 t of freight per year and in the next 10 years this is set to increase to 100,000,000 t per year, with axle loads set to increase from 250 to 300 kN.
A short 200 m long section of the Shuohuang Railway line consisting of a bridge and the transition zones at either end was selected for the analysis due to its ease of access, since much of the railway passes through mountainous regions (see Figure 1 ). The bridge is a T-girder concrete bridge 24 m long (see Figure 2 (a)). The up line is a continuously welded 75 kg/m rail, with concrete sleepers at a spacing of 0.6 m (see Figure 2 (b)), whereas on the down line the rail mass is 60 kg/m and the sleeper arrangement is that as for the up line. A higher mass rail is used on the up line as it carries fully laden coal wagons traveling from the coal mines in Shengmu to the port of Huanghua. The wagons return empty on the down line. The track substructure comprises ballast and sub-ballast layers. The ballast layer is approximately 0.6 m deep. The embankment foundation was constructed according to Chinese railway standards. 10 It consists of three distinct layers, the upper of which is a 0.7 m deep layer of stiff sand gravel, and the middle layer consists of 2.3 m of engineering fill made up of at least 50% gravel, sand and silt as specified in the Chinese design standard 10 in order to be ''Class A.'' The bottom layer is of medium strength sand silt and is approximately 3.0 m deep. The railway line passed through a semi-arid region and therefore drainage is provided only in the transition area by means of fin drains and geosynthesis.
Test arrangement
Vertical accelerations of the rail, sleeper and embankment foundation were measured using 24 accelerometers placed at six locations horizontally along the track and at four different depths as shown in Figure 3 (a) and (b). The dynamic loads on the substructure were observed to be greater when the train travels from the stiffer structure to the lower stiffness substructure and therefore only the embankment of the track carrying the fully laden wagons was instrumented. 5 A data acquisition system consisting of IOTECH WB-618 data loggers 11 and acceleration transducers was installed to record the measured accelerations. A sampling frequency of 25,600 Hz was used and each train passage required data to be recorded for a period of approximately 130 s. The range of frequencies which could be recorded by the sensors used to measure the acceleration of the rail were between 0.2 and 11,000 Hz, those used to measure the sleeper accelerations could record frequencies between 0.35 and 5000 Hz and those in the embankment could measure frequencies between 0.1 and 1000 Hz. Additional details of the test arrangement are described by Coelho et al. 5 
Traffic loads
Typically the line carries 60 freight trains per day, each of which consists of one locomotive hauling up to 66 wagons traveling at speeds of between 65 and 75 km/h. The locomotives are approximately 27 m in length with eight axles each carrying a load of 230 kN (see Figure  4 ). The wagons are approximately 12 m in length and consist of four axles with loads of up to 250 kN. The total length of a train is approximately 850 m.
Analysis of results
Frequency domain analysis Figure 5 shows the acceleration spectra in the frequency domain of the rail and the embankment foundation caused by a freight train traveling at a speed of 71 km/h. Figure 5 (a) shows the rail acceleration which was recorded at a distance of 3 m from the abutment, where the magnitudes of the accelerations are the highest. As the distance increases away from the abutment, the magnitudes of the accelerations decrease, although the induced frequencies of vibration are the same. From Figure 5 (a) it may be seen that the dominant frequencies of the rail vibration occur at frequencies of between 500 and 1200 Hz and also at between 6000 and 7000 Hz. These are likely to be induced by wheel/rail interaction and short wavelength corrugations on the rail. 12 As far as the embankment foundation is concerned, it is apparent from Figure 5 Time history analysis Figure 6 shows typical accelerations of the rail and the embankment foundation as a function of time, recorded at the previously described location. From Figure 6 (b) the accelerations due to the locomotive and the wagon train can clearly be distinguished. Those due to the locomotive occur between 2.5 and 5 s and are noticeably higher than those caused by the wagon train.
The peak of accelerations of the rail and embankment foundation shown in Figure 6 corresponds to individual bogies although the individual axles are not distinguishable. The peak mean measured rail acceleration was found to be in the range from 80 to 95 g, that of the bottom of the ballast 0.07-0.85 g and between approximately 0.05 and 0.1 g at a depth of 2 m.
Interestingly, while the individual axle loads of the locomotive are less than those of the wagons, the locomotive causes higher accelerations at the bottom of the ballast and in the foundation. This is possibly due to the different axle configurations ( Figure 4 ) and suggests that the axle configuration is an important parameter when modeling loads and determining associated damage to the embankment.
Acceleration attenuation
In order to analyze vibration attenuation in the transient zone, the levels of vibration were calculated using the following equation 13 VAL ¼ 20 logða rms =a 0 Þ ð 1Þ where VAL is the amount of vibration (unit: dB), a 0 is reference acceleration (a 0 ¼ 1 Â 10 À6 m/s 2 ), a rms is the effective value of measured acceleration (unit: m/s 2 ), and is given by
where t, the running time, is the time required for the entire train to pass a particular point and N is the total number of measured accelerations during t. a n can be obtained from
where a 0 is the measured acceleration. Figure 7 shows the maximum acceleration along the track; from this figure it can clerly be seen that the vibration of the rail and sleeper are very large within 2 m of the abutment. Measured accelerations of the rail are in the order of three times higher than for typical values when there is no transition (i.e. 100 g, compared to 30 g) and for the sleepers about twice as high (10 g compared to approximately 5 g). Consequently, the components in these areas are subject to very high forces and could therefore be expected to deteriorate rapidly.
It can also be seen that the vibration along the track line decays with distance from the abutment. The acceleration of the rail and the sleepers reduces by approximately 60% between 2 and 6 m away from the abutment (i.e. for the former from 100 g to 40 g, and for the latter from 10 g to 4 g). At distances greater than 6 m from the abutment the acceleration of the rail and the sleepers decay more slowly. As far as the embankment foundation is concerned, the acceleration reduced rapidly within the embankment due to ballast and soil damping and is in the range 0.03-0.08 g. This suggests that the deterioration of the embankment foundation may be less influenced by the transition zone than that of the rail and sleepers. This may also suggest that the granular layer (ballast plus sub-ballast) play an important rule in reducing the vibration. Figure 8 shows the levels of vibration along the track. Significant attenuation of the vibration levels occur with depth. At the rail, the amount of vibration is between 148 and 154 dB, this reduces to between 129 and 138 dB at the sleepers and then to between 95 and 100 dB in the embankment foundation. Interestingly, the level of vibration within the embankment foundation at a depth of 2 m appears to be slightly higher than that at the bottom of the ballast.
Development of a 3D FEM
In order to facilitate the design of appropriate transition zones which would minimize vibration of the track components and track deterioration, a 3D dynamic FEM of the track vehicle system was built using ABAQUS explicit software. 14 The mesh, shown in Figure 9 , consisted of a total of 124,357 elements and 176,268 nodes making up a track length of 60 m. The components of the system are described below and their associated parameters for modeling purposes are given in Tables 1 and 2 .
Vehicle
The freight vehicles were idealized as a as a multibody system consisting of a car body, bolster, frame and wheel set, with spring-dashpot suspensions between the four components as shown in Figure 10 . To minimize computation time the train was modeled as a single wagon moving at 71 km/h. The associated parameters of the four components are given in Table 1 .
The following assumptions were used in modeling the train.
1. The car body, bolster frame and wheel in the vehicle were considered as rigid components. 2. The connections between the wheel and frame, the primary suspension system, were characterized as linear springs and viscous dashpots.
The connections between the car body and bolster
(the secondary suspension system) were modeled as a system of linear springs and viscous dashpots in the vertical direction. 4. In the 3D model, only vibrations in the vertical plane were considered. The contact normal force between the wheel and rail was modeled as being Hertzian in nature. 1 The normal contact force P(t) can be determined using the following equation
where ÁZðtÞ is the elastic compression between the rail and wheel (unit: m), G (unit: m/N 3/2 ) is the contact constant and is given by 1
where R is the radius of the wheel. The creep force between the wheel and rail is given by
where is the coefficient of friction. The contact geometry of the wheel and rail is shown in Figure 11 .
Bridge-embankment system
Solid elastic elements, with eight nodes, were used to model the rail, sleepers and embankment foundation. The rail was modeled as 75 kg/m steel material at a gauge of 1435 mm, supported by concrete sleepers placed at a spacing of 0.6 m on a 0.6 m depth of ballast. The embankment foundation was modeled as three layers (as discussed earlier), the initial Young's modulus values of which were determined using plate loading tests carried out in-situ (see note in Table 2 ). Thereafter a simple inverse analysis approach 15 was used to determine the resilient modulus values of each layer to match the accelerations measured in the field. The values were corroborated with those published in the literature for similar materials under similar loading conditions as shown in Table 2 .
The bridge model consisted of multi-span girders and piers which were modeled using 20-node quadratic brick elements. Each span was represented as a concrete T-girder that was 24 m in length (see Figure 12 ). A rectangular slab pier was used to represent the transient zone.
Infinite elements were used at the boundaries of the embankment to overcome the problem of the generated stress waves being reflected back into the model. Table 3 compares the vibration levels and maximum accelerations measured in the field with those computed using the FEM for the rail, sleeper, at the bottom of the ballast and at a depth of 2 m below the ballast bottom. All measurements were at a distance of 6 m from the abutment for a train traveling from the bridge to the embankment at a speed of 71 km/h. In Table 3 , although the computed values are slightly higher than those measured in the field, generally the results are in reasonable agreement. It is felt that the lower values determined from the field measurements may be as a result of high rainfall which occurred before the acceleration measurements were made, but after the field tests were carried out to determine the properties of the embankment.
Initial verification of model
As measurements of stress were not undertaken in this study comparisons of the stress levels determined using the developed FEM were made with data reported in the literature. To this end the FEM model was used to model the heavy haul coal line in South Africa, described by Yang et al., 7 that carries freight trains traveling at a speed of 47.5 km/h with axle loads of 26 t. Material properties and thickness values for the track system and embankment foundation at Bloubank, South Africa reported by Yang et al. 7 were used in this work. Table 4 compares the in-situ values measured by Yang et al. 7 with those computed using the FEM developed in this paper. It can be seen that the measured and computed vertical stress values are in reasonable agreement.
Analysis
In order to better understand the implications of the proposed increases in train load, measures of the stability, safety (in terms of derailment) and damage to the wheel/rail and embankment foundation were computed using the FEM and compared with specifications. The behavior at each measurement location was computed using the current 250 kN axle load and the proposed 300 kN load for a train traveling at a speed of 71 km/h from the bridge to the embankment and also in the opposite direction.
A number of railway organizations use the maximum vertical acceleration of the train as a measure of stability, for example, an upper limit of 0.7 g is specified in Chinese standards for heavy haul railways. 16 Figure 13 shows the calculated accelerations for the four considered cases. The maximum values are summarized in Figure 13 . It can be seen that the magnitude of the accelerations for the wagon with the higher axle loads is always higher than that for the lower axle loads; however, the accelerations in both cases are well below the upper limit stipulated in the Chinese standards.
The likelihood of derailment of a train is commonly measured by computing the axle load decrement ratio (PD). 2 It is defined as follows
where Q s and Q denote the static and dynamic wheel loads, respectively. Since the lateral stability of the wheel is a function of the vertical load acting on it, the higher the value of PD (and therefore the lower the dynamic load) the lower the lateral stability and the greater the risk of derailment. Chinese railway standards put an upper limit of 0.6 on the PD value. 16 Figure 14 shows the computed PD values and the maximum values are listed in Table 5 . From these it is evident that the greatest risk of derailment is when the wagon is on the bridge, although the PD value in all cases is less than that stipulated in the Chinese standards. The wheel/rail contact force is a parameter used to assess the likelihood of excess wheel or rail deterioration and work by British Rail suggests that its maximum allowable value should be 250 kN. 17 For the analysis approach described this paper, computed values are show in Figure 15 and maximum values are summarized in Table 6 from which it may be seen that excessive wear at the wheel/rail interface may occur when increased axle loads are permitted, particularly on the bridge. Values of the contact force when the wagon is on the abutment and embankment are greater when the train is traveling from the bridge to the embankment than vice versa. This observation is in agreement with measurements in the field as mentioned previously, as in the former the wheel falls off the stiff support as it encounters the lower stiffness normal track and as a result large dynamic loads are applied to the rails. This phenomenon is shown in Figure 16 , where it can be seen that the magnitude of the fall for the train traveling from the bridge to the embankment are always higher than that of the wheel lift for the train traveling in the opposite direction.
In order to prevent excessive damage to the substructure, Chinese design standards specify that the vertical stresses should be less than 0.5 MPa and 0.15 MPa in the ballast and embankment foundation, respectively. To this end, the increases in the maximum vertical stress at a distance of 3 m from the abutment resulting from the passage of a wagon were calculated for the four considered cases and the results are shown in Figure 17 . It is clear from these plots that the increase in the embankment foundation calculated by the FEM model is unlikely to exceed the maximum values specified in the Chinese standards and suggests that the existing depths of the ballast and sub-ballast are sufficient to prevent excessive deterioration in the embankment provided that its materials meet the criteria specified in the Chinese design guideline. 10 The effect of the change in axle load on the embankment stress levels is such that the calculated vertical stress increase in the embankment caused by a wagon with an axle load of 300 kN is greater than for an axle load of 250 kN for a moving wagon. This is particularly evident at depths between 0 and 3 m into the embankment. 
